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Standard references on airplane propeller chtracteristics are i:. .C... 
Report ,/ 350 (veick) and N.A.C.s. Report , 431 (Hartzuan). ith increased 
engine powers, modern types of cowling, increased nu ber of blades, higher 
airplane sveeds and greater engire-body diameters, there has been a growi i¢ 
need for investigation to extend the range of these references, ‘hile full 
scale data are desirable it is difficult to obtain them because of the 
limited capacity in size and airspeed in existing wind tunnels. The research 
herein reported was undertaken in order to examine the practicability of 
makins proveller tests on a scale model in the wind tunnel. 

The nodel was that of a representative high wing monovlane at one sixth 
scule, The ,odel was complete except for landing ‘ear and any protruding 
cockpit enclosures. The propeller diameter was 10/6 feet, the power was 
452/53= 12 horse power, the rited maximum revolutions per minute were 12,090 
so that the linear velocities of the blade elements were equal to those of a 
full scale vropeller with rated sabes e Oeaty Of 2,000 4; PP. 'B, Sinea tio 
lengths of chord of blade were one sixth full scale the propeller was operatins 
at a Reynold's Nunber of one sixth the Reynold's Number of the full scale 
proveller., The blade form was exactly that of a Hamilton Standard 111-0 
propeller to one sixth scale. 

The tests made fall into two classe 8, 
1. Yroduction of working charts to determine the propulsive efficiency of 
two and three bladed provellers at verious blade ancles, velocities and 


powers, 


wo 


Investigation of the effect of slipstream on the perfor/iance and static 


longitudional stnbility of the airplane at various an*les of climb and elide, 


Gold 
(2) 


Description of Apparatus 


The vrincinal advantages of s powered model test over a full scale flight 
tect are euse of control and facility in measurins the forces and moments develonec 
In tne wind tunnel, pover output results are read on the external balance system 
as ina norms wind tunnel test. The %,a.L.°.1I.7. six component system is shown 
in “igure 1, dere, air velocity, geometrical angle of attack, thrust, dras, lift 
and moments are seasured, The measurement of power input is more complicated and 
is accomplished by means of a revolution co:nter and a torque meter. 

The revolution counting system, or timing circuit, shown in “i-ure 5, consists 
of a pendulum actuated, multiple relay circuit which counts the motor revolutions 
over an accurate time interval of about ten seconds, The tiring systen was calib- 
reted for each run acainst a crystal controlled ac urate fifty ec ,cle current, 

The location and functionin> of the torque meter is shown diasra:matically in 
“{eure 2, The adjoining sketch shows the arranrement, used in the experiment, 
of an alternating current “heatstone 3ridge for indicating torque. the torque 


being developed by the propeller is onposed 


VATE in equal amount by the resisting moment 


Fixed Fresistance 


Resistance in twist develoved by the torque bar. he 
ancle of twist variss the vosition of the 
soft iron armature between the pole faces 
of coils (1) and (2), thus var-ine their 
immedance, The relative change in impedance 
50 44 is indicited in balancine the @rid-e bz 
means of the variable resistance, The 
readine of the variable resistance of the heatstone Brid:e, in oh-s, is 
converted to torque, in kilogream-mcters, by means of a ca.ibr:tion curve 
eonstructed for +-cc mun, ‘his curve represents the moan of calibrations ade 


before ar. .iter th run. che calibration is made by keying a bar o. Tifty 
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centimeters lensth to the stator and placing known weiv-hts in pans suspended 
from knife edges at each end, In this menner a known toreue is given in terms 
of resistance readins, 

Photographs, rivure 4., show views of the model, instrument table, parts 


and torcue calibration arransement. 
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The first problem of the investicsation vas th determinntion of the charac: 

eristics of two and three bladed propellers, A plot of initinl data obtained 
Peo tvo bladed nronellers, when compared with the full scale data recorded by 
Weiek in N.A.C.A. Technical Report #350, indicated sufficient agreement between 
model and full scale characteristics to warrant complete tests. 

If air were an inconvressible fluid, if a desree of turbulence existed in 
the wind tunnel which vas exactly that of the air in which the full scale air- 
plane was to fly, if propellers were made of infinitely rizid material of absol- 
utely smooth surface then we might expect to set results from wind tunnel tests 
which were fairly representstive of geometrically similar full scale prorellers. 
Fairly representative because there remains an element of uncertainty as to 
the effect of the presence of the wind tunnel walls on the “low throuch the 
propeller. 

An enumeration of the factors wherein differences between model and full 
scale propeller characteristics micnt arise which we live considered are:- 

1. Seale or Hopeananrn lumber, rou-hness, turbulence. 
2. Blade deflection, 

Oo. ip losses - compressibility. 

4. “ind tunnel wall interference, 

5S. oxperimentul error. 

Keening these fictors in mind let us consider the method of working up the 
data obtained. Tift, drnaz, and pitching moments were measured in the standard 
ay by direct measurement of the forces transmitted through tne model rigeing 
to the automatic balances. Torque developed in the proneller shaft was recorded 
by a remote recding dynamometer. The revolutions of th» propeller ‘were obtained 


by direct count over a time interval. 
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The indicate? dracwise force, i- the case of power-on, is transtmted into 
@ combination of thrust nd drm. It is apparent that the presence ov the slip- 
stren™ over the model ust csuse some chamre in drug. “his small cnange in drag 
is nicely i) pnosed of “yy including it 2l-ebraically in the effective timwt, 
If we ts.e t-4 differer e between the dram reading power-c" ff, and tv -rdinar’ 
drag of the goal with the proneller off, Yo, there remains force (bith we car 


call effective tirust,-{ @ the tras thrust Sinus the iner# t in gem gue to 
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Tg x V is then the effective thrust horse ower being developed by the prope.ler. 
Against this power outp:t is the rower input represente? by the torjue "% , 
multiplied by the rot»tionrl velocity ‘2nmm", tfficiency is the ratio of power 


out to power in- i.e. TeV o 7 
i 2mm? 


It 1s co venient to put thrust, torcsue, and velocity into dimensionless co- 
efficients. Since t'e velocity in the wind tunnel is recorded in combination 
with air density as the dynamic pressure being develo-ed in the workins section, 
the corm T= aup¥"D* is suggested, which can be written Ts Ty2qD*, Likewise 
for torque, “= Ae2qd° . Yelocity must »be considered in the ndvance ratio of the 


9 
proveller, « - . The wind tunnel sensitive manometer records 2Y by calibrati 


against a pitot tube traverse of the workin’ section of the ecimesil Velocity can 
be obtained from Y= /2a/p where 9, air density, is a function of temperatur 
and humidity of the air stream, barometric pressure, and gravity at the wind 
tunnel, — be gotten directly from T,. and 
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When the experiment wis besun it was the opinion that some kind of pre- 
liminary fairing would be essential in order to get smooth final curves, 
Therefore sy and Dh wore plotted against J, and points taken at even incroments 
of J to solve for ” and Cg, “hile this method produced smooth curves a very 
small displacement of the fairing caused comparatively large variations in 
peak efficiencies (1 - 24). This method was discarded in favor of making a comn- 
plete calculation for every experimental ie Fi oS plotting the point without 
preliminary fairin~ on the final curve Bane direct plotting of unfaired 
results was followed in every case except that of the three low blade angles 
of the two bladed propellor where it was necessary, due to blade deflection 
and tip loss, to fair ? against J before the finnl plot. 

Having indicated the manner in which the proveller charts were made up let 
us return to a consideration of those factors which might affect extranolation 
to full scale, 

Nermold's MNunver: ‘fhe actunl velocities of the blade elements were made 
equel to those of full scale by increasing the rotational velocity of the vron- 
eller six times (2,000 r.p.m. full scale vs, 12,000 r.n.m, model), Axial wind 
velocities of 200 m.p.H. and upwards are obtainable in the California Institute 
of Techrolozy wind tunnel, hence the airspeed of full scale flight could bo used, 
The irrepar:ble difference in Reynold's Nurvber lay in the ciaracterictic length, 
which of necessity remeined at one sixth full scale, [t should be noted that iets 
the length of chord be used for the c .aracteristic le gth, the Re;nold's Number 

of even a full scale »nroneller element is s all com red to the “eynold’s 


lumber of a full seale airfoil section as used in a "ing. Research in the 
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There results s couple tending to raise tie enterinz edge of the blade. The 
strength of this couple varies approxi \tely with the square of the air velocity 
over the blade element and linearly with its effective angle of attack, 

Tip Loss:- Inextricably bound up with blade deflection in our experimental 
data is tip loss, Our tiv syneeds were those of full scale. >,oth British and Amer- 
ican experiments have shown, however, that at high tip speeds scale effect will 
be more strongly in evidence than at lower speeds. 

The plot of noints for 12°, 16°, and 20° blade angles, two bladed propeller, 
showed effects of tip speed and blade deflection. A special study was made of 
these conditions for the ie blade setting and is presented in Figures 6 & 7, 

The 16° blade setting was chosen because the greatest variations in power and 

tip speed were obtained with this setting and the recorded data could be compared 
with a lower setting, 12°, and a hicher setting 20°, It is to be noticed that 
only these three lowest settings for the two bladed proveller gave such variations 
in experimental data as to require fairing independent from the final plot. the 
three bladed vropeller, having one additional blade lending its quota of work 

to provide a given thrust, showed insufficient scatter of points even at the 
lowest blade setting to warrant preliminary fairing. 

Returning to rigures 6 & 7, it can be seen that under the hivher power load- 
ings the characteristic curves of the propeller move over in the direction to 
join the family of curves of the next hivsher blade setting. If one scales off 
the shift of the curve T, ve J in Figure 6, againat the main interval between 
curves, 4°. an indication is given of the effective twist of the blade in terms 
of blade setting at the .75 radius. As the tip speed increases, however, the effect 
of increase of blade angle is gradually overcome by tip loss and the curve drons 
back again, to or beyond, the curve obtained from lower power loading. 

The question arises as to how the fairing of 7 vs J curves of Figure 7, 
shall be carried out under such circumstances in order to represent practically 
tre efficiency of the propeller.et the siven blade angle. The method actually 


used was something of a comvoromise, Below the peak efficiency ( and the region 
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in which the proneller would ordinarily be working) the envwla»s of the curves 

was tiken. "elec, 18 worked um a very comprehensive and co plete set of data 

on the correcticn of provulsive efficiency for tip speed. “he envelore of evf- 

iciency curves is our best estimate of t.e efficiency of the nro eller without 

tin loss, A point tacen from tne curve then in this reeion “sv he corrected for 
tin loss isin: eick's full scale results in this connection. 

The region to the riz .t of the peak and the peak itself present a greater 
problem, Reasonadly the lower power loadin;s could be used snd a correction apy - 
lied for vower ( that is- blade deflection due to pover louding’, but lower 
power means Lower forces actually measured and at small forces our experimental 
accuracy falls off. .ence the writers took arbitrarily a BME mean of the 
points at the peaxc efficiency and beyond as being the best representation of the 
actual charsccteristics of the propeller at the given blade setting. The final 
faired curve used in presenting the Gm is shown dotted in ‘igure 7, 

rind Tunnél. Yall. Interference: - 

k Rlance at the sketch oe 


will indicate that free air ean 
V Fs em eee we oe we 


—_ Vira) —» Viirs) 


conditions do not exist in 


tne wind tunnel, but that - 
¢ 


ONSTRAINT OF Waites KAISES 


corstriction of tre walls Wor A Se eeeee ee 


on the flow -ive » some hat hicher effective velocity to the air in hich tke 
proveller is wor«<im: when comynared to tht velocity were the propeller o eratin: 
in free air. Glauert (in ®. . 1566) has develoved a fairly accurate anrroxi™ te 
formuls for this increase :y» velocity. “lanert's formule h's een u2zed to cdinute 
a correction for wind tunnel wall inta*ference arplicavle to our co’ iitions. 
{eure 8. shows this correcticr in terms of the t rust ‘sefficient qT, ; Figure t 
srows the ranre of “g used ir oe @r-erinmant. '* \s eviient that this cor ection 


ewn be s*'fely ne lected as it is well within - «perimental error. 
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Experimental Zrrors 


Suantity Rance of Measurement Probable =rror 
Lift, drag 0 = 600 Xe, wa”? 
Torque, Q -.2 to + .7 Kg. M, 005 Kg9.- 7. 
“Rint cagic 12° to 36° oo 
Revolutions/sec, ,n 50) to0250 rn.) OU ar ao ae 


Every effort was made to renresent accurately the actual quantities measured 


Discussion of Proveller Data:- 

It must be noted that with the model's thrust line horizontal the 
propeller was acting in front of a wing at a Cr = 0.3, Assuming elliptical 
lift distribution , (with no distortion due to slipstream), and an upwash 
at the propeller ahead of the wing equal to .75 of the downwash at the wing, 
(the value of .75 was estimated from Glauvert's " Aerofoil and Airscrew Theory" 
page 162), it can be seen that the pvropeller was acting in an upwash of 


.75 SL 


x57,5 = 0°68 This corresponds to about a cruising attitude, 
level flight, for the normal airplane, 

It must be noted also that the full length blade was used whereas in 
prnetice the blade usually has some of the tip length removed. Figure 10, 
shows the principal characteristics of the blade used, 

Figures 11. & 12. are two and three blided propeller, basic working 

as ebtatned frow our oberva VaHs. 
charts, It must be emphasized that in comoutine C. for entering the three 
bladed propeller chart(Figure 12.) that full power should be used, 

Figures 13, - 18. present various comparis@#ons of the data obtained. 

In order to ascertain the appropriatene:s of applying the model data to 
full scale propvellers a considcrable amount of data on full scale proneller 
settings was obtained, The writers are indebted to the various airplane 
manufacturing concerns for their kind and helpful cooveration in this study. 


When worked up and plotted on the vroveller characteristic charts, ths a vs oe 
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points group surprisin-ly -l alons the 1. © of bost efficiency as determined 
by the model tests (cf. l'isures 13 4 14 ). The blade angles differ considerably 
fron those of the model propeller but this may be exvected from the differences 
in blade design and the amount of the tip of the blade removed to mect desicn 
conditions, The flight test data (cf. Tables 1 - 3) are included in this “sper 
becuuse they were carefully compiled and should furnish good desicn information. 
.It should be noted that blade angles, }, are tuken at the 42” station in many 
cases instead of at the .75 radius as was done in the model experiment, 

A study of the flight test data and com arison with figures 13 & 14 will 
show that many of the points are special cases. Hxamples are two pitch prop- 
ellers eat low pitch, and the same at high pitch where the propeller blade angle 
has been given full throw against a stop. 

Figure 15 compares the G.A.L.C.I.7T. two bladed propeller results wit?. 
those obtained by the N.A.C.A. The comparison is inade with the data from 
Fuselege -6, (Figure 14), of N.A.C.A. Report # 350, which resembled our 
configuration better than any of the other configurations used by the N.A.C.aA. 
in that it had a completely cowled engine. Unfortunately the fuselage is rect- 
ancular in cross section and wing and tail surfaces are absent. The lower 
envelope of efficiency curves from the +.A.L.C.1.T. data can be attributed, 
in the writers’ opinion,to the presence of the win~, to different s'.ipe and 
relative size of fuselage, and to scale effect, In Fisure 16,(comparison of 
two and three bleded characteristics), it is interesting to nute that diff- 
erences are not so great as has been csenerally asscuned. 

Figure 17 shows that "eick's reconriended 70% power absorntion by a three 
bladed proveller as against 1 two bladed propeller is a good averare assumntion, 
but that at hieher advarce ratios the three bladed is operating under improving 
conditions, 

Figure 18 comnares %.A.L.C.I.T. and N.A.C.A. curves(fuselage 6 Figure 14 


Report 350) of Blade Angles vs Cg direetiy. 
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THREE EILADED PROPELLER CHARACTERISTICS 


EFFICIENCY & ADVANCE RATIO VS SPEEQ-POWER 
COEFRICIENT FOR VARIOVS- |BLADE ANGLES 
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PART TWO 


Airplane Characteristics Power-On 


Power introduces another dimension into wind tunnel 
calculations in that it is necessary to specify under what power 
eondition the model is acting, However, of the infinite amounts 
of nower input which might be investigated for every attitude of 
the airplane, only certain ranszes are of pnractical imvortance. 

In order to obtain a estimate of the rance of overs which it 

was felt desirable to investigate, o typical conventional airplane 
corresponding to the model was cmsidered, ‘he uvper limit on 
power was taken as that corresponding to the maximum power available 
for such a plane as a function of its velocity at sea-level. The 
lomcr limit was taken as that corresvonding to the power required 
for level flicsht at sea-level as a function of velocity, In 

order that the results inizht be applicable to othor normal planes 
with somewhat different characteristics, the renze of ‘owera in- 
vesti ~ated was considerably extended beyond these two limits. It 
should be explicitly pointed out that the ch-racteristics assumed 
for the fnll size airplane are used only to determine the limits of 
power investivated and do not enter into the determination of t'.e 
effects of vower. In order to nresent tho stability end piteying 
moment results, it was also necessary to assume a center of fgrivity 
locwtion relstive to the mean aerodynamic chord, This was chowen 
from the full seale characteristics af the typical conventional 


Airvlane mentioned ahove, 


The typical airplane waa taken as the Lockheed 
Yeza since its zeomtrical form, winy section, etc. correspond 
-fairly closely to those of the model. The followin full scale 
datn were assumed: eigzht, 7 = 5000 lbs.; center of gravity at 36% 
of the mean aerodynamic chord and four inches above the thrust 
line, and maximm brake horsepower 550, 
From model tests were taken: 
Equivalent varasite area, p: 6.44 ft.” 
Airplane efficiency factar, e: .89 
liaximum propulsive EL SeM ey + i fimecn: .825 
Blade an=le at .75 radius, PB: 30,3° 
Revolutions per minute at maximum power, N: 1550 
These data in combination with the physical dimensions of the motel to 
full scale gave, in “swald’s notation: (see NiC\ Revort ~408) 
lg = 2.23, lp = 777, le = 11, (oer 855. 
4A table of thirust horsepower required against velocity wis 
then mare up using sinkins sveed die to parasite loading Wg, and 
sinkin speed due to effective span loading Wg got various velocities. 
vhrust horsepower available at velocity was determined 
anproximately by Ry - = ; -Ry and B to get Cg; -Cg,7, to get Thro. 
“he standard thriat horsevower availshle fra throct horsc- 
~opur 2 ‘inst " curves wero transmuted to a form suitable for rind 


tonuel ror., The ordinate, power, vin,, “, and Cs 


ws 


yecame J; and 


the uhbscisse * vin lw amd Cy became Wy. (fy = wind tunnel an-le of 


(14) 


attack). 

The conventional thrust horsepower avail« le and required 
curves are shovm in firure 19. These tro curves converted to a 
form s itable far wind tunnel work are renresented in firure 2C, 

The appropriate wind tunnel "q" was determined by 
examininis data of Ta against J from previous wind tunnel runs. 

« vertical traverse was made across the power curves 
using "n" as the controlled variable, as indicated in figure 20, 
Tor example, at a wind tunnol ansle of attac« of +29 a wind tunnel 
velocity corresponding to q = a = 10 grams per square centimeter, 
was used, and the ,evolutions per second of the model propeiler were 
varied in seven equal increments from 69 to ll2 r.p.s. It is 
evident then that all nower conditions, fron that somewhat under 
the nower required for level flicht, to that corresnron.ine to 
somevh.t more than maxinun power outnut, were covered. This was 
the lshoratory procedure for the power-on condition, 

The effects of nower on lift, drar, and pitching Toeméent 
were desired, in order to furnish informetion on free flitht 
Per tarmence eteni lity, und control characteristics of Rich wing 
mononl*nes, 
ettect of fower on Lift, Drage, wend Rarformages 

In opier to -ive a satisfactory discussion of tlilis sufifect, 
it is necessary to analyze the problem sorewhat mor’ closely than 


fe clistonnury, ith tois in view, let us consider an airnlene in 
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climbing (or slidim) 1 niecelersted flight. The forces acting 
in the direction of the flight path may be split up into a thruet, 


a drag, and arruvity force 483 shown in the accormanying diarrsn, 
ed 


Horizontal 


where 
T « component of thrust in the direction of the flight path, 
D = drag, 
O d= “aneie of cliry, 
Ww « weight, 
VY = velocity alon- tie flicht path. 
The equilibrium condition tse 
1) D+ Wsine = T 
The precise definition of D and T has not yet been s1ven, 
However, before discussing this question, let us first transform 1) 
to a more familiar and convenient form. ifultiplying by V, exmmresein’ 


T in terms of brake harsepower YP, and a vroveller efficiency le 


(16) 


and introtlucime the drag coefficient, Cp, "* Omtmin: 
2) GHs33) qe@y «+ Hsin. v= Pf oe a) 
wheres the variables upon which Cp and 7" ‘ay depend have been ex- 
plicitly indicated, It will be noted that equation 2) is just 
the usual performance emation. 

Te have just stated that the precise sirenificance of 
> und T in 1) had not yet been civen, This means thet in 2), 
Ch and / have not yet been exactly defined. Actually wo may de- 
fine either one in a rather arbitrary fashior, the other is thon 
deterninod by the fact thit the forces met be in equilibrium, i.c. 
eguntion 2) mst be satisfied. 

It has beon customry inthe past to define Cyl, J) 
hy ocuatine it to Cog) which is the drar coefficient of the iir- 
plane without nropeller, Then in order thet 2) may be satiPtied, 
the nropeller efficiency pm) should be replaced by a pron isive 
efficiency i ,0) determined fron wind tunnel tests on an airplene 
or model with vroreller runnin’, and for all pertinent values of 


Jand -, 2) would tnon take the form 


5) Cpl?) qS-J + “Ysin®-+ V¥ = P 7 (aso) 


Practically all propulsive efficieney investivetione in 
the nist have heen restricted to the case or gero inclination of the 
thmat axie, eo thet the depvndence of vg on J is well krovn, hile 
its devenience on has been very little discussed, It Was one of 


the essentinl aims of the present series of tests to furnish data on 


(17) 


tiis variation of propulsive efficionce with thrust axis inclinition. 
The data so obtained coul? be presented tn the form of a series of 
normal propulsive efficiency ~harte each corresponding to a definite 
value of @ or thrust axis inclinativur, “Uowever, the complications 
introduced into normal performance ec:lculation:, throuzh the neces- 
city of using such a family of propulsive efficiency charts, would 
be so overwhelming that it is verv doubtful whether the data would 
be of any practical service. An entirely Jifferent method of pre- 
sentine the results, based on a rathe~ different point of view with 
respect to the performance equation 1s been sussested by Dr. Clark 
B, Millikan, and gives the data in sic’. a form that the desicner 
can use them in performance estimation without any essential modi- 
fication to the normal calculation = rocedire, 

In introducing this new mtrod we return to equetion 2) 
and replace ‘jeer by a propulsive efficiency ORE which is 
determined from measurements at zero inclination of the thrust 
exer. 1.0% 7° is just the propulsive efficiency wnich is customarily 
given in the standard propeller charts, Then in order that 2) 
may be satisfied, we mist replace Cp by an effective dra-:. coefficient, 


CDas so that tho performance equation now takes the form: 
4) Cols T) qo-v + YWsine-V = P (ee 


(vote that at zero inclination of the thrust axis. 
equations 3) and 4) are identical, i.e. ‘i = To and Ch, = Cn) 
“ith this equation, performance i calculated in exactly the normal 


manner, usine the st-ndard propulsive efficiency charts, the only 


(18) 


motificatior het? tie t Cr, ' Sed instead of CDo- ra shull re- 
turn later t® Bhs siscustign of how this modification is accorn- 
plished and sh@jl see thnt no considerable additional labor is 
reqiired, ‘¢ must first, however, investicate the rianner in which 
CDe may be detemnined from our wind tunnel tests. 

In the accompanyines diagram, the forces in the direction 
of the relative wind which act on the model mounted in the wind 
tunnel are indicated, R is the resultant force exerted hy the nogel 

LEE Ustalabied sedeptp pet! on the drag rigeins, 
tuken es positive in 


a. eee oe the direction of the drar 


force. lience the ioe 
7 7 Ty, force which the drag 
rigging exerts on the model is R, taken as positive in the direction 
of the thrust. ‘The diagram, which has been drawn with all foreses 
yositive, is exactly anslogous to the previous free-flicht dircram 
excent that the wind-tunnel diagrem corresponds to a case in wich 
T < D, i.e. to an airvleno in gliding rather than climbing flirht. 
The coniition that the forces be in equilibrium leads to the equation 
i) se eee tee ty 

or multiplying by Vand defining the drags coefficient and pro- 


pulsive efficiency exactly as in 4): 

5) Cog (ss T) q SV = RV = P 7 ol?) 

Jommerine with 4), we see that the wind tunnel and free-flicht 
aquutiona are identical if 


6) R wm» -™ sin 6 


This mens thet the reghl tay: se eperted by the tree balance on 
the wopel wie exactly the ae role in the wind tunneal-as does 
the camponent of the eravity wuree xlon: the flizht vath in un- 
aeeelerated fr@enfligght. If @ @eter ine values of Cp, in the wind 
tunnel for a series of values oa , the former are identical with 
the values of Cp, in free fli-ht for the corresponding; vsluea of 
® eines, 

It appears now that "e »ust detersine Cp, as a function of 
three independent parameters .. °, und ?, However, it is ear; to 
see that only two are independen:. UJividins 5) by q Uo V and intro- 


ducing the coefficient of resultant force Cp= R/qs we obtain 


Po 
asVv 


Cpog(4,J) = CR + 


But, at a @iven %, Crp is a function only of *, i.a, J = J(y,Spl. 


Hence, introducing torque and revolutions per second, 


S 


4 ate th 


It is conventent to replace the variable @ by the lift coeffiriert 
Cy since the latter is the essential varameter in the free vli'.t 
If we define the lift as the result+nt aerodynamic force nerneniuic: 1 
to VY (including any contribution fram inclined thrist) then the tod 
tunnel measurements vive Gw a(C;), (cf. Fir. 22). Uence we obtain 


the final equation for the determination of Cp,' 


2 it Mol F) 
Lp . = a 
Snel Cr» CR) “R * Tia ys T 


Cy, Cry ©, 7) Gna © are mMeasired in the wind tunnel, Ti@. and S 
qre known, and 7o\5) is obtsined from oropilsive efficiency charts 
correspondin: to zero thrust inclinution, 

It nov only remains to express CR in terms of a para eter 
having a sienificance in free flivht. If we follow the definition 
zviven sahove and take Las the resultant serodynanic force vervendicular 
to the relative wind (flivht nath) then we see fron the first dia- 


aren of this section that for unaccelerated, rectilinear fli bt 


L s Weos 8. 
Comthinine with 6) 

2 = - ten ®, 
or finglly 
8) Cp = - Cy tan 9, 


Venee onus win’ tunnel observations finally cive 
9) Cy. = Cog (Cr,9) 


Pw commlete rem lts me then be expres®ed in the form of a family 
of nolars of Cog VS. Cl, @aich polsr corresponding to a constant anile 
of clim) (or rlide) 6. These volwrs wil] have somewhat the clarecter 
0. tose in the acco Ipanvin= sintc;, nossessins % common intersection 
et thé Cr corresponding ty 7@ro thrust axis inclinntior, which will 


normally be near the hitth greed attitude of the airyrlene, 


er" 


Ye retirn Tinally to the 
questico: of iow such data can most easily 


be used in verformance analyses, Fol- 


: owing ows we ma j 
ee ee lowin; 1d nay define the airplane 


“Brg ht Path 
efficiency factor e by the equation 


Cp 
a 
Cr 
10) Cc een eS 
De e+ AR oe 


(AR = aspect ratio = bye and Cp, = parasite drag coefficient ) 
where e is chosen so as to determine as nesurly a constant value of 
CDy as is possible over the flying range. low since all of the polars 
will normally intersect close to the axis, Cy = 0, CD, will be 
practically the same for all, and the effect of variations in 8 can 
be taken into account by varying e mly. This means that we may 
present all of the wind tunnel data pertinent to normal verformiunce 
calculations by civing 


1) 6 = e(8). 


a 


Performance calculations may then be carried out in the conventional 
manner excert that for any particuler angle of climb the avnropriate 
value of e, and hence of span loadins, must be taker, 

Before proceeding to a discussion of the experimental results 
in the lieht of the above considerations, it misht be vointed out that 
the ansle of clim> as introduced avove appears to be the most satis- 
factory dimensionless parameter which can be found for describing the 
condition of power output under which an airplane is operatins, “ot 


only the performance characteristics of this section, but also tro 


Ww 
to 
a 


stability and control remlta of the next are presented in teras of 
tiis convarient marmetor 6, 

Tyo experimntal lift and drag resilts ore civen in “iws, 21 
And 22, 4, @% siiovs that tYe wddition of ower ham qude very littl; 
oMmnes in the conmrentionul volar carve et low lift caecffie dont Tiere 
i>) @8 we mi it exnect, an extmaior to himfer lift coofficivnts sive 
to (1) liftwise force ‘enerated by tho vrotellor wnen inclined to the 
frée air stream velocity, and (2) the effect of the increase in velocity 
of the air streau over the centor of the win’ in Jelovirs the bres’ 
‘orm of flor. (Thin may be considered as due to the scourin: action 
0° the accelerated flow on regions of incipient brea down of flow 
as in tMe interference dra~ rasion at the intersection of win; and 
fuselm@e)., In “it. 21, power conditions other than that for level 
flizht sare omitted for clmritv, They coircide, practicrlly iden- 
tically with the level flicht curve ceive , up to the point where tie 
power-on solar doenarts from the nover-off (no propeller) volar. 
on! tiic peint ircreasin= deficiencies in nower corresnondin~ to 
increasin-ly steeper plinins; naths, cause the power-on polar to an- 
nrotch the nover-off nolar more and more clorel’. 

4 -, PR snows thre affect of nower on the litt a*™ainst animle 
of attac curve, The velocity eyrve for the ecuilivrium conlition of 
flight 1° samcrignoted amk it is interestin- to note t¥Mt the velocity; 
ne stallin , Wal sls for laine St a -iven Bttitude, iu redwesd Mh 
Apgut 4 niles ner hour in tle norer-on comition, 

The mr@etiesl regblte of thim portion of tte ifvept impition 


gre, th@s, that ror himeh 
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vine monoplanes similar to thit inve tia ter, rover-on increiges 

Cr quite noticeabl*;@hile ee) “eler-o1., RB be tain he fret ion) 
4x 

with e, vover-off, for perfomance enlculations. 


-rfect of Pewer on “Itching Borment. tatic Joni tudinal ta tity, 


ee ee ee 


Pitehiwe moment cocfficiiats about Ee Gisetti@d ¢.7.. 1o7i tron 
were detormined iff the usual manner from the observed site vine 
moment about the @eis of rotation of the model, the lift force, “ia 

(4 

the resultant drat force 2, "iv, 25 shows the effect of novsr on t - 
pitchinme maient ve, ligt curve. The definite Wdéstadiliaime errecs 
is apparent. In thec&ase of the ging and tuselage alon@, as #11 4s 
that of the complete motel, the slope of the moment curve lies been 
siven a rositive increment by the addition of nover, The effect of 
vor ine dee@rees of sewer is shown in ths curva for the compl te mote 
Camiours are dravaein tor tan Gepe 2,05, 2,10, stc., in easel ingre- 
ments, It appears desirable to extend the studv t- the case of the 
idling nronelier were the powcr is necoative, 1.8. 7 brin: newer, 
mhich would involve developins a nemative torque evinl to tre frietior 
torgie of the idlins engine (itself a rather variable quantity). 
Pevelonin= and recordiny a negative torceue wags quite feasiole wit). 
our annaratus but involved oneratin> .elays which would ave dravn 
out further an already extended investication. 

Fie, 24 .n0ows the effect of vnower on the effectiveness o° 
the elevator. It is gem tht the effectiveness of this control at 


a11 "up" eneles, and at the larger "down" ancles, in enhanced by the 


(24) 
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stability. 

“othine thus far has been said of the rotntin: character 
of the flow behind the proveller, Unfortunnrtely ciffienlties in 
tecinicue and ace or time nrevented en investigation in this 
alrect lon. 

An effort was made to unearth sone satisfactory wthod 
of voredicting the slinstream effect on loncitudinal static ctanilit, 

The tee:nical staff of the Curtiags Commnany sone ‘errs 2°70 
combined contemporary theory and some annirical propeller formulae, 
in order to express the change in “an-ile of ettac at the tail 
surface for various pover conditions. ‘‘nowin~ tne chance in effrec- 
tive enelie o° sttacc at the tail and the increase in velocity due 
to slipstream, the echanve in lift on the horizontal surface can 
de estimnted and hence the chan~ve in vitching moment. (See Curtiss 
Renort ‘2721 "Glipstrean “ffect on #in’sS ani Tailplene", “m. 8, “iliert. 

In anplyine this method, some assumption as to the nortion 

f the horizontal tail surfaces effectively vithin the slinstream 
should certninly he incorporated. =istimated chanzes in noment by 
this method when wplied to the mosSel tests of this revort snowed a 
rather generous margin of censervatism. 

A second method suzgests itself. 41 tail effectivoness 
analysis Sieh as thet Piven by “rr. 7.7%. Stllikan in his ounce er 
Aerodynamics of the .irnlsne, can be used with an arbitrary cor- 
Goee Oso the taitkserMiecioncy facta, ae to allow for slipstrean., 


The arbitrary correction can be found by reference to standard tasts, 
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power-on, in the wind tunnel for th tite oF sling onver Jem. 
Sie S@Ppears 2 very Qa proximate wmetfiod of correctin: for abinetra@ar. 
effect, but it ean Fe used to ~ive the dedtener et levet some i719 
Orta t Ta tert! tol’, 


The imt)od of tail moment estimation may he surmarized 


as rollovs: 


Someiier the a@ifTeremee of wm -lo of attec: For zer > lift af tail and 


witht. 
ad * < between Cr = 0 for wing 
— 
ie Wwireg alone and Cy = O for tail @lone. 
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- = Herizental Ta,/ 
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hae es 
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Eo = ——— = dommish it tail lve to tail . 
he bef ARt 
€ = dovwnwash at tail ane to ving 
E « = = downvesh et wins \12 +o wink 
v fr ©R 
Wom the etiective samwele of attaee of tie tad] 46 Ff ~ oan 
ania of nttwk fro ero Lift mbmus devmemagh Ibe to ite o=m riniia Of 
ene Lbs do nyae’ dyeeia tim gin- one regia wWiged of i+. “Pate Last = 
Nagy e tr f ais + > + ‘for tha low-res ys} oO” £h= ain - at £ wire 
ei Or PPe Bie chev ie F iis . av he 


e lard 3 c crehi come toot Par 21) noel Sree! | 
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Ther mh 2 Oo X @rheetive Gii@ Of aftec’” of tne teil 
eRe © = ey) 


B19 (te tg ow ~ fe - a) bY the uniorlined 
assumption above, 


CT, Cly Assunine ellintic 
= 39 ee = Ba 3 : 
YAR WR, lift distribution 
Tor wine and tail 
surface 


Cit * Gage Cig OL ~ ae Cr = 90" 
ee =e a 
Ce ™ — Ch - = ad 
pee 1+  % 
TY ARt non 


Nor the itching moment of the comolete airnlane is made up of thot 
o* teil and of anothor term vriniily that of “iny and fuselaze but 


{ cln@in: all other factors. 
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But write 
ond 7t will account for effective velocity at the tail, and other 


errore such as that o” the assumption of win; downwash at tne (ataiat oe 


I< Will }8 nokeGsahat the tera ennteining Og in the 
ex 7ressiom derived whove® for iitoring ment cue to tnil is con- 
trolled by the nilot "ith a stablliger or trivyeine tel. alliueteent, 


Rot tit the multiplicative fectorg, — the tail volwfe coeffPimient, 
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» @ne within narrowelinits, til effi ivicy, Pt, — are otro 
by the asicnr., 


Biffererti-tine the teil o1ent e*erOer1on Fith raenect te 
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Cr "A rat: 
16 
AC, 7 D+, ln = ae 
lore t a Ag 
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TAR, 

fi t can then be dotermined by »raphical sclution on C-- va, Ur curver 
for any op®ratini: ranze deeired, This can ve done for the ordinar, 
vind tunnel noiel ithout sroneller and then an ansrovriute clrrect\io 
applivnd for power-on fur the trpe of plane and moritiow oF tail. 
The correction ean be estimated by reference to novrer-on tocts of 
moflels of similnr tyne, 

In our e:merivient the slopes of the tail moment curves 
mepinet Cy for virious conditions wore detarmined cranically, and 


the tail efficiencies computed, For our yodel 
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't 
Con tion acy, ue 47+ 
Power-on, Cy range for normal fli cht 244 916 -.046 
Power-off, " ; . . 256 .962 
Power-on, entire ranre of C;, "ean valuo, 202 -Ove -.926 
Tower-off, " % ee ae e) ~ 249 -898 


Fence if 7+ were determined from an ordinary wind tunnel 
model of the sairpline tyre used in this exeriment, it should be re- 
duced 0,04 in order to annroximate pover-on effectiveness, 

A commoxurison of the individual contributions of the wine 
and fusela®e 1s % unit, and of the tail, to the destabilized condition, 


nover-on, ts of interest, 


7. wi + 
op = — ia + oF 
ac, acy, acy 
Power-on -,059 = ,185 - ,244 
Pover-ofr -,086 =» .170 - .256 
Chan ~e O27" .015 + .012 


wich indicates that the win- and fuselnre, and the tail, have shared 
algdet Sclally in réducin.- the lomygitt4dinil static stability, 

The writers feel th-t in this roaearch problem of power 
effects on | hich wins monoplane, the fi0l14 of power-on investication 
has been barely touc.ed, The moiel usel can de readily converted to 
low win:, and there is. in nrocess of manufucture, a tail on wiich the 


horizontal surface can be disnlaced vertically as well as having 
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adjustable stabilizer incidence, elevator an’le, and tab anzle, 
It is hoped that the next class of graduate students in aeronautics 
at the California Institute of Technolosy will be able to extend 
the slimpse we have had of power effects on the airplane, 
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parm! tie Al: 

dra, fore cower-off ard B = 0 

drar, fores Dorer-or, Sefined as ir text 

airpiimn @irin ‘ence (fetor? 

Siva en’ orheits sya 

fores diva taecd by @& Hropeller ncrme@l to its®@axia of rotation 

HaMtitude a*wir see le7el 

propeller wijanae ratio = ae. 
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a constsiit 


Uirr, fonc® iageyl to eit welosity 
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piteline moment of model about c.f. 


pitching moment of vropetler about intersection of its axis of 


rotation ond plane of the blades 
revoltions ner minute 
revolutions per second 
power (normally brake horsepower) 


torque developed in propeller shaft 
n a 


torque c@eafrficiont = _..§.__ » 
A vép> =. aq 


ratio J to deation J 
ratio N to design maximum N 
ratio 7 to design mximun V 
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dynsric pressure = 2 


resultant dragwise force, power-on 
wins area 

chord lenrth 

thrus t 

effective thrust 

thrust horsevover availshle 

thrust horsepower required 

air velocity 

eir velocity in slinstream 

weinht of airplanes 

doenvash velocity 

an-lo of » ttee’ (measured from thrust arie in trig 


blade anele of propeller 
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totel Linear Peflection 
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propulsive efficiency i mGuicon = © 


pronulsive efficiency 2% '3 other tlan zero 
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SIDE FORCE OU A YARED PROPALLER* 


Appendix by C. BY hillikan x 


bet oa, = -tarist loadim yer unit length of “sman alome a blade 
Do = toreie force Vosdaae mer unit leneth of syan alons a blade 
adr = thrust or a blade element dr 
rodr = torque on a Dilece clement dr 


K,Y,« = forees on propeller 
x = thrust, Y = side force 


Sreerelative wind strveige the vroncller has components U, v. 


In eeneral v << V, i.e. we consider small anrles of vay. 
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tt pegiven instant fet & Wefine the nosition of a 


mroneller blafie. 2 inticates summation over all (2) vropeller 


Diades . 
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Consider the vroveller actine in a mirely axial velocit: 


U andwxt @ civen J= — jyen the equilibrium conditions ane: 


Y cet = 0, SPs 
mé. ack for the chaneed X,Y due to a sile wind v. If v 


is small, we assume 
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F as A a A 
Wow a and bd are »ronortional to the local uc (u = circunferential 


Welocity) eid to a function of the local J = J', i.e. a,b o uf (J) 


where 
J' = U = 7r U 
enr Tat 
we 2 i 5 
Write a = twif(J'). Let & corres on? to an increment 


at @ @iven vbiade element due to @ chaneé in coiditions at the clement. 


& ck = lea 5 (ee ° ody + Tase i ) ie & sf 
a i i 
= Ou re) 
=e s PD eee mn 
‘ah * an & J! 


Sa = 2(a 22 i Of § 31) 
u e o8' 
So 2(> 8% 1 8b $31) 
eel ~e oF 
But Jt = ZY 650 = 22 ia > Ay oe 
. u u u 
eS ee) Oar (2 ~s' ) 
u Cora 
Sees ee - SY 2a 
u a2 aft 
and u = 2°? nr, 5 u = -v sin 6 6 on _ Ndiin 9 
u 2 mn 
— Sa = v_sin 8 Aa 
nr 
nr 
Te U 
“ 32 ~ n(2R) 
a()=a-$2) () 
Here we have replaced the local J'§=-—U.. pdby J = _v 
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This is justified by the following argument: 
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Pmt oir wertin) derivative in O m@ans just this, 1.6. we consider the 
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VAriytion in force on a fiven biade element as *™ aerod:mamic con-~ 


feitions chante. 
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Here the inte-ration and variation are interchren-eable since the ex- 


™ressions are line=r in a and b. 
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No» since is independent of r we may interchan-e its vosition 
sith that of the intesral sis. We are interest«d only in the 
averere force wlich means we mist integrate over 6 from 0 —» 2T 


and divide by 27r . This will sive the average force per blade. 


For the whole propeller we mst maltipl: b: the number of blades 3. 
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lence the thrust due to side-slin is zero for small silie-slins. 
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In discussin= the interral in '!) it is convenient to 


define a dimensionless torque londine factor eC 
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Now, in the R& M's (loc. cit), it is assumed that 


i 
6) os ee 
(3 a = = universal constant independent of J, 


i.e. all torque zrading carves for all propellers are similar and have 


a shape indevendent ofr. 
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iWiteo tle cmd force fF on - nroaeller iiclined at ani-le 4 to twee wiritlow 


is 
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2Q ad 
P is in the same Cirection as the side vector v. 


In Rk. &M. G2, it is assumed that 
% = Agla - A>) 
T= Am(l - A®) 


where A = T13o3 dg-> ft. = 0,7 ieee for zero thrust 
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